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A SIMPLE ENERGY CALCULATION METHOD FOR SOLAR
INDUSTRIAL PROCESS HEAT STEAM SYSTEMS

Randy Gee
Solar Enerzy Resesrch Institute
1617 Cole Boulevard
Golden, Colorado 80401

ABSTRACT HRprocess douwnt ine

Designing a solar industrial process heat (IPH) 3ysten,
sizing its components and predicting its annual energy
delivar? requires a method for calculating solar system
serformance. 4 calculation method that s accurate, Iy
easy to use, accounts for the impact of all important
system paramet2rs, and does not require use of a compu-
ter 13 described in this paper. Only simple graphs and 2ax
a2 hand calculator are required to predict annual col-
lector field performance and annual system losses.

a
The energy calculation method is applicable to a vari-
ety of solar system counfigurations. However, this . %z
paper describes the calculation method applied ouly to
parabolic trough steam gzeneration systems that do not 1
enploy thernal storage. 3oth flash tank and unfired—
boiler steam systams are coverad. Readers interesced Lc
in apollcation of this calculation method to other col- and
lactor types and/or systenm configurations are referred .
to Desisn Aporoaches for Solar Industrial Process Hear Y
Systems (Xutscher at al. 1982).
AR .
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NCMENCLATURE M) a1
(Me 3
2 .
A collector irea (a~) prsys
- maxiaun collector area Sor no-
C,nax b
storage system (a°) R
d,e
Az ground area covered bv eollector
array (a°)
c, coastant-pr?ssure specific heat R
s I ko'l V= ) .
=1 A4 de
z concentrator focal length (m)
= collector =2ificiency fackcer
T3 unfired heilar factor Q
<
Te flash steam svstem fac-or
T2 collector heat removal Factor g
‘e
Fg system depeadent heat axchange
factor
T, 1 hadin loss factor for T
shade annual = shadaing desol
midfield collectors
g - & 3
Pshade, field annual shading loss Sactor for 4
collector field
Flise solar system use factor 1 0ad
GCR ground cover ratlo of solar col-
lector arra .
v Q!oan
e, sacer latent 1eat of vaporizacion
°2 ch.
J 2z %) {
(J 2g™ %) Qo,sys
3 - e o -y ~
“Rsalar downtine total expe-.eg daytizme hours of
solar system downtize om an zanual 5 coll
", L

hazis (hr yr 7))
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total expectad daytime hours of
industrial process downtime on
anaual Sasis (hr yr~ ')

beam irradiation gncidenc in col-
lector plane (W a °)

long—tara average dizect normal
tzradfance (W a =)

peak irradiangce available to col-
lectors (W o <)

incident-angle modifier annual
correction

collector 1incident—angle wmodifiar
at x degrees

lactitude {degress)

collector length (=)

spillage =2nd loss factor

collactor _{?eld fluid mass flow

rate (kg s

steam mass flow rate (kg s~ !)
total collector fiald thermal
capacitance (J ¢71)

total thermal capacitance of soalar
svstem excludiag cplleczor tharmal
capacitance (J 9271

average number of collactioa davs
{cooldown days) per year (days vz~
b

aunter of parailel collector ssus
long=-tera average anergy collac-
tion rate of collectors, per .ais
collector area, during davlight
Yours (W a~-)

long-tarm avaraze annual anarazy
gollaczion of solar system /(J vr
5

long-tarm average aneryy zollac-
tion rate: of coilactors during
daylight hours (%)

anaual solar system cooldown los-
ses (J vr %)

long-tera average anaual energy
delivery (J v~ %)

industrial nrocess enerzy use rara
wm

industrial osrocess aarual load
(I v

average overnight 2rerzy loss f:zaim
7ipinz svsten components (J dav °)
average overaignht sneryv loss ‘rom
ccllectors (J cavy )



r3

ambient temperacture (°C)

a

?; average vearly daytime temperature
°c)

T highest expectad annual ambientc

a,max o

temperature (" C)

?a a average yearly nighttime ambient

’ temperature (°C)

Te collector fluid temperature (°C)

Teaed boiler feedwater temperature (°c)

Ts steam temperature (°C)

Uy, collegtor heat 1loss coefficienc
W a %™

Ui modified collector heat loss coef-

ficient (mod{ ie{.for pipe system
losses) (W o © 2¢7%)

. unfirad boiler heat transfer coef-

ficient, boilar surface  area
product (W °C™*)
Uidy overall heat loss coefficient of

piping system components °f outlet
(not) side of field (W °Cc™%)

T A overall heat loss coefficient of
piping system components °f inlat
(cold) side of field (W °c™h)

(UA)SVS heat loss coefficiinc of entire
’ piping system (W %™

(TA) ., total solar sysgim thermal loss
. coefficient (W 7C°)
L incident angle modifier weighting

factor for x degrees

INTRODOCTION
Buring the planning and design stages of an IPH solar

system, an annual energy calculation method {3 needed
for two principal reasons. First, a calculatioa method
is needed to aid in the design of the solar system.
7arious solar system configurations must be analyzed,
altarnate solar collectors must bde compared, and the
collector field and other system components must be
3ized. Second, an evaluation of the cost effectiveness
of the solar system (i.e., payback period or internal
raze of return) rvequires an estimate of annual solar
svystem energy .lelivery.

A number of iiems Impact the energy delivery of a solar
system, Including collector field size and orientation,
collactor characteristics, site characteristics, col-
lector fluid propertizs and process load characteris-
tics. Because there are so many variables, detailed
computer modals are often emploved to amake IPH system
tradeorfs and to provide the necessary perfarmance
Laformation. Jowever, this approach requires computar
Zacilitias, 1is time-consuming, and can be expensive.
The design engineer prefars design tools that are easy
£3 use and provide Zor a quick assessmenc of various
desizan ootions. Ffortunately, design tools can be
3rzatly simplified with the use of simple nodifiers
that have been analytically calculated. A familiar
exanole 13 the heat removal Ffactor F‘ (Duffie and Beck-
man, 1974), which accounts for the performance impact
nf the ‘temperature rige across the collector field.
Howevar, not 3all solar system component variadles can
be charactarized in this manner Hecause nf their time-
varving “ehavior. Instead, by avopropriately grouoinz
tize=varying variables into meaningful 3roups and using
cagression analvsis tachaliques, their performance
{mnact can be corrslated emoniricallv.
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Ideally, empirical correlations should be based on mea-
sured data Irom operating solar syvstems, hut suitable
data for solar IPH systems Is not vet available.
Instead, the empirical correlations tlat %Lave been
developed ares based on the results of a detailed, hour-

Sy-hour IPH system computar model called SOLIPH.
Another paper {in these proceedings describes the
computer model (Xutscher, 1983), Typical aeteoro-

logical year (TMY) tapes prcvided the hourly weather
and solar irradfation data base for the comoucer
model. The TMY data set {3 a composita of months
selected from the SOLMET historical data base for each
of the 26 stations with long-term records. Tor these
SOLMET stations, thousands of SOLIPH runs were made to
provide a large data base for developing empirical cor=
relations. With this large data base, a multivariable
regression analysis was used to generate empirical cor-
relations that closely matched the SOLIPH runs. Agree-
ment hetween the empirical correlatioans and the SOLIZH
runs 1s better than 4% (rms error). Additcionally,
these empirical correlations were checkad for accuraey
against a larger weather and solar irradiation data
base. SOLIPH runs for the 208 ERSATZ sites (usiag
ERSATZ T™Y tapes) wera mnade and compared with the
empirical correlations. Again, empirical correlation
accuracy (rms arror) was found to be hattar than 4%.

SOLAR IPH STEAM SYSTEMS

A large amount of industrial process “eat {3 utilized
in the form of low-pressure saturated steam. A large
fraction of this energy is utilized by industrial
plants that have daytime, 7 day/week loads. Tor these
industrial plants, a no-storage, solar-steam system can
provide an attractive source of thermal enerzy.

There are currently two principal configurations ~for
solar system steam production *. The first and nost
widely used system configuration {s the unfirsd-hoilar
system (see Fig. l). This is the configuration used bv
all five MISR program participants. In an unfired-
boller steam system, heat transfer £luid 1s juamped
through the collector field and then to an unfirad
boiler. The hot fluid withia the tubes of the bhoiler
vaporizes water in the shell and saturated sceam is fed
to the existing steam header that delivars enerzy :to
the Industrial process. As the steam {s zenerated,
make-up condensate 1s suoplied to the boilar. To
account for the temperature elevaticn of the collacter
loop 1inlet above the steam temperacure a simple modi-
fier 1{s introduced--the unfired bSoiler factor, FB.
Derivation of the uafired boilar factor is nrovided in
Ref. 5.

In a flash~steam solar system (see Ti3. 2), sressurized
water {s circulatad through cthe collector field and
flaghed to low=quality steam across a cthroteling valre
iato a separator tank. Flashing {s a constant anthalpy
process that converts rths sensible heat f the water
into a two-phase mixture 5f water and steam at condi-
tions prevailing in che flash tank. The steam quality
(fraction of total =nass flow that is flashed to rapor)
usually i{s less than 10%. Steam separated ‘a the flash
tank {3 fad Into the plant steam distribution systam &2
he used by the Iindustrial onrocess. The saturatad
liquid is recirculated through the coallector iald. o
2aiatain the necessary liquid level ia the Jlash tank,
toller Zeedwater {s iniected into the pumo suczion.

———————————

*A :hizd confizuration Sor stzam zeneration ‘s descritad

elsewvhere in these n~rocesedings (“av and Murphv, .783).

"
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Fig. 1 - Unfired Boiler Steam System
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Fig. 2 - Steam Flash System

To prevent boiling within the collector, the water is
pressurized by the recirculation pump. The pump 1is
specifled so that water exiting the collector fleld is
under sufficient prassure to preveat beiling. The col-
leccor field outlet temperature =wust be considerably
above the steam delivery temperature to obtain reason-
able steam qualities downstrsam of the throcttling valve
and vreduce the water racirculation rate. Another sim=
ple performance modified accounts for this temperature
2levation-—the flash system factor Fp. The flash sys-
tem factor derivation Is given in Retf. 5.

STEP-BY-STZP PROCEDURE

A step-by-stap calculation procedure for the annual
energy collection of a no-storage IPH solar steam sys-—
tem 1is provided helow. The Inputs raquired of the
industrial owner or system degigner are all readily
available items of information.

Skap 1 - Ohtain necessary faformation.

Define process steaam tamperature T; and boiler feed-
water temperature T, _.. Caeck that a steam require-

ment exiscs during daylight hours, 7 days/ week.

¢ Define lactitude L, yearly average dayzize rza2mpera-
Tura z; and vearly averaze nighttime tampera=-
ture Ta,n of proposed sita. Average temperatures can
he found in the U.S. Climatic Atlas and other refer—
ance hooks. As a close approximation, the average
aizhttime temperature can be taken as T, - 6°C.

the solar collector that i3

e Tor to be used, obtain
'3 and 7',

its ', values and its incident-angle nod-
iZler curve. This information should be taken Srom
r2st daca 1easured at an Independent tasting libora-
Tarcr.
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Nften parabolic trough efficlency is reporsed as:
T. -7 T. -1, "
i a)
1 T 2\ Tt -

=4, =3B

<

This efficiency fora has no physical bdasis (Tabor,
1980) and should be modified to the suggested form
shown below.

T, -T (t.-1)>
P a_ ., L E a’
c 1 1 I =2 i
"
where 32 BZ/Itest
Itest is the beam irradiance that was present during

ralue i3 given, take

the collector tesg. 1f no Itest

Iese 28 1000 W/m

ow, the collector ?'no and F'UL are given as:

F'm_ =4

' -
o 1 and F UL B

L ¥ 3,0,

Evaluate F'U, at AT = T4 - T, .
L £ a

® Define land availability at proposed solar sita.

Step 2 --Configure collector field and enerzy transport

system. (Callector manufacturer recommendatioas as
well asg references (8, 9, 11 aand 12) will aid {n this
stap.)
e Calculate the maximum recommended collector area
A, nax D2ased on the process load energy use
b
rate Q1gad and assuming no thermal storage 1s used
and that solar energy s never dumped.
Ac,nax = Moad/{FMolmax = F'UL(Ts = Ta,3ax)] -

shera O1gad = Vg [hfg +¢p (Tg = Teaed)]

I,ax Can be estimatad as 1190 W a2,
estimate can be found in ASHRAE
Iatenglty Tables (ASHRAE Fundamentals, Chaptsr 25).

-~

a,nax &y he estimated
nany cities. As a close approximation,
40°2 may e used as the maximum cemperature for auch
of the Uniced Statas.

o Use &,
Eield:'m%§aller collector fields may be required due

zo land area limitaticns, iavestaent considerations,
or available sizes of modular collector systams.

e layout collector field and daterzine collactor fleld
flow rate ..

e Size energy transport pipiag insulation and axpansion
tank. Calculate aumber of pipe suppects and valves.

Stap 3 - Calculata ?R"o'?RSL‘

o Zalculate qu' (?Q accounts for tha t2mperacur: -ise
across the collector fiald).

N
- \.C

‘R e n o

—= : 1 - - (' Mos )
Tt T (1 axn (3 JLACI.C-?,] .

A nmore accurate
Clear Day Solarc

for the site from ASHRAT for
a value of

as an upper bdound in sizing the collactor



Step 4 - Calculate system dependent heat exchange fac-
tot Fge

¢ For st2am flash systems, calculate Fp.
A F.U /e
¢ R°L eTo
+ -7
p (Ts = Treed

(T )

s Tfeed
134

e For unfired-boiler systams, calculate Fge

T
AcFRJL

. U‘D‘Lb/'{ccp
M (e
cp

-1

-1)
Step 5 - Calculate effective optical efficiency.

o Define expected dirt and dust optical loss modi-
flar. Recause this loss 1is site specific it shouid
he based on observed material coupon degradation for
the particular site. (See Refs. 4 and 10 for nore

informacion.)
e Calculate 1{incident-angle modiiier annual correc-
tion Xr gy o«
Tea " M75%7.s * Ta2,5%00.05 + a7 5%37.5
+ W R + P-4
52.5752.5 7 67.3%7.5
Values of V_ are found in Table 1. Values of are

taken from the collectors incident angle modifiar

turve,

s Multiply the normal iacidence optical afficiancy
(Fn,) by hoth modifiers to arrive at the effective
optizal efficleney (Fqi,).

Stép 6 - Modify collector heat loss coefficient and

2ffactive optical efficiency to account for thermal

transport enerzy losses.

¢ Group energy transport components ({.a., piping,
valves, {ittings, pipe anchors, circulacion pumo,

flex hoses, and unfired boiler or flash tank) into
elthaer ianlat (cold) components or ouclat (hot) com=
nonents. Calculate UiAi and U A,

e Correct the effective optical afficiency to account
for steadv-state pipe losses.

Foa'
R a *
= =74 /Mec
P e o0 ecp
R'o
e Correct the collector hest loss coefficient to
accounc for steady-state pipe losses.
.
3?:’ . . ‘1 /l1
TRIL 0w A7 A /M e -0 M ) ol U v
= e o‘o/ co | e Tdy <Cs + e (2% <Cp -

- G
R JiAi/“:cp)

Sten T - Calculate net annual average snerzy collactica
rate {taking {nto account thermal transpor: losses) for
unshadad collactors.

¢ Detaraine value of iatengity ratio
FoUy (T - ?&)/(?,n; I,) and locate on <x-axis of
3 (=9 b

—’ ]
:Ig. e
Tse Tiz. 4 o dereraine long-tarm avarage
nor2al irradiance Iy

h -t PR
value 0f go/[FgTans(In + 3M)] an
zonsistant with the iatansizy

e Locata

iz, 2
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8

3

- 7
=)

W 4 6
iz
=
g

% ~ .5
w

- .4

3

o] 2 4 6 .8
Intensity Ratio

Fall (T,- T3)
Faily Iy

Fig. 3 - Energy Collection Rate Curves vs. Intensity

Fig. 4 - Average Direct Yorzal Irradiance During
Davlizht Hours (Wm™<)

iacitude, and collector orientation.

e A lRand calculator may Ye usad [ evalu~
. -—t = : . e
ate a./[FgFpng (Iy + 50)] fnscead of the zraphical
determination.

For aast-wast parabolic troughs:
ae/[F4Faig (Ty + 30)] = 3.5688 = 0.6745 » X = 0.3166 «

Ffor aorth-scuth oarakoiic troughs:

T - = . .
as !l TgFang(Ty + 307 = 0.8810 - 9.8117 + ¥ = 2.3120 . %°
2.00391% . 1 4 0,003864 » L « X - 0.001484
b
Toe w7
whera L = lacgitude (degrees)

i

L= FRilr(Tg ~ T4)/(Fafaiy)

PN ey = o - . =
e faitioly value ¥ T3, Tad,, and {15 + 39) =3

deternine

0

2



Sten % - Calculate annual shading loss Zactar and
annual end loss factor.

Fuusel Aniuial Shading Loss Muttipliur

Ansinad Lhading Lowa Mutliphee

Deternine proposed ground cover ratio (GCR = collec-
tor aperture width/ row-to-row spacing).

Calculate required collector field size as A =
/6e2 8

A e

Determine whether enough collector field area 1is

available. If not, Lncrease GCR or reduce )

Locate annual shading-loss factor (Fs ade) on Figs. 5
or 5 for specified GCR and latitude of site.

Calculate field shading loss factor, accounting for
one unshaded row.

1+ (NR - b Fshade

shade,field b NR

Q.95

0.90 =

0.85

Latituae (degrees)

fig. 5 - Annual Shading Loss Multiplier vs.
Lacitude for EW Troughs

GCR

9.30 b=

5 0 ) 0 5 B}

Latituae (Cagrees)

Fig. 6 - snnual Shading Loss Multipiier vs.
Lacizude for NS Troughs
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e Correct &c for shading 1losses by aultiplying by
F3hade, Fleld’

o Deternine end-loss factor for specified row langth
(see Tig. 7.

o Correct ac for end loses by multiplying by Lend'

Step 9 - Calculate net anaual enerzy collection (taking

into account thermal transport losses).

Multiply the_enerzy collection rate per unit of col-
1ecto§ area ac by the collector area Ac to detar-
mine Q., the average annual energzy collection rate of
the collector field,

¢ Since bc 18 an average collection rate (ian W) based
on all daytime hours, multiply Q. by 1.5768 x 10’
(the number of daylight seconds {in a year) to obtain
annual energy collection in Joules.

Step 10 - Calculate annual overaight cool down losses.

e Calculate (Mcp)sys the total thermal capacitance of
system components including piping, valves, insula-
tion, and heat transfer fluid. Also, include flash
tank or unfired-boiler fluid iaventory. Do not
include collactor absorber tubes, flex hoses or thelir
contained fluid inventories.

e Calculate (Mep) 011 the total thermal capacitance of
collector absorger tubes, flex hoses, and their con-
tained fluid inventory.

e Calculate average energy loss overnight from system
components based omn (}hp)sys and piplng system UA
from Step 6.

(UA)ggq = Ugdy + Toa,

B I SIS T N
=1 - @ b J ' (Me n . F
Qo,sys L i« p)sys<‘s ‘a,n)

Use At (average overnight cooldown period) = 34,700
sec (15 hours)

e Calculate average energy loss overalzht from collac-
tor components. (Assume these cowmponents cool com-—
pletely to amblent.)

-7
Iy

2, eo11 = Mplce11 (Tg a,n )

e Calculate annual overnight cooldown losses.

- 1
% = ¥4,c [Qo,sys + Q,coll!

1.9
North-South
L =25
Q.85
_. North-Soutn
L = 458° \
0.ar East-West
{att L)
0.85 . . : ;
Q 0.02 0.02 0.06 2.08 0.10

frL

"
o

w

7 ~ Ind-Loss Tactor vs. Collector rFoczl
Length to Collector Length acio



vhere Yy =239 +0.2T,

Sten 11 - Zsctimate the solar system use factor ¥
———— use

# Estimate the annual number of dayvlight hours that the
solar system 1is likely to be out-of-service due to
hardware problems with the solar system. Consider
collactor reliabilfty, and mailatenance of system
level components such as circulatfon pumps and con-
trols.

¢ “stimate the annual number of daylight hours that the

industrial process will be nonoperational, and hence,
will not accept solar energy. This time estimate
should include scheduled plant shutdowns and
unscheduled shutdowns for maintenance based on his~-
torical piant data.

e Compute the solar systam use Ffactor based om the
total expectad daytime hours of solar system downtime

and industrial arocess downtime.
(Yote: 4330 = annual number of davtime hours)
gR
solar process
o dountima Jdountime
¥ -] -
use 5380

Step 12 - falculats annual energy delivery aad solar
fracsion.

® SubtTact annual overnight losses (Step 19) from =he
annual energy collection determined in Step 9.

0 = Q% = Q

¢ “Multiply annual enerzy total by the use factor esti-
mated in Step 1l1. This result 13 the solar system
annual erergy delivery.

e To obtaia that fraction of the process load net by
solar 2nergy (neglecting elactrical parasitics),
divide the annual energy dellivered by the annual pro-
cess load.

24
solar fractlion =
“laad
EXAMPLZ CALCULATION
A food processing plant near Tenver, Colo. uses

1723 «Pa (250 psia) of saturated steam at a rate of
5000 kg/h; (11,223 1b/hr) seven days/week, 24 hr/day.
A 2500 m° trough ISR system {(aAlvis, 1983) is being
considered o provide some of the orocess steam. Cai-

culate the expected annual energy dalivery of tha solar
systam and the fraction of the annual srocess load that
can he met by the solar system.

Sten 1

e T, = 205°C (saturation temperature at 250 psia)
-~ . '7,0
Traeq * 120°C

oL o= 29,79

L
- 1

Oor T 50
.3=1LC,Ta’n'JC

e Parabolic trough afficiency s given as
- . N
n_= .30 - 576 == = 234 T
b N

ha 1(&'&‘ 2d efffcfency equation, assuming I-«s: =
3

A
AT ramy”
74 =2

kS

")
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From this equation both F'ﬂo and ?'UL can be defined.

7'n, =.30 and T'Y, = .676 + .C00334 AT

o}
For AT = T, -~ T, = 295%C - 1192 = 1949,
F'Up = .676 + .000334 (194) = .741 7 a~20c1,

# The available land at the food processing plamt 1is

linited to two acres. This land {3 icmediately
adjacent to the plant.
Step 2
e The industrial process energy use rate is:
WUoad = Ms [heg + ¢y (Tg = Teoeq)]
=5000 22 (22 [1.92 x 10° L+ 4342 (205%¢ -
360087 * Xg Kgo‘
120%¢y ] )

= 3.203x 10% %
The maximum collector area A:,max for this aerergy use
rate {s:

Ac,max * Oload/" o Imax = F'Ur(Ts = Ta max)]| -

= -2 - - O,
1100 W 2™ ° and Ta,max 4Q%z,

AL Jax = 3,203 x 106/(.8(1100) = 741 (205 - 40)] =
’ 4227 = 2 2

e The A, ..« valqe of 4227 n° 13 larzer than the ISR
collecfor field area of 2500 m°. fdence, =he 2500 m°
MISR fleld is not too large for this industrial pro-
cess.

Using Imax
)

e The MISR system under consideration has:
= a center feed piping layout,
- fourteen parallel zollector rows,
=~ two collector drive strings per row,
- north-gouth orientation,
- a total collector fleld flow rate (Therminoi 5N

of 17.64 kg s™- (280 gpm),

- a row-to-row spacing of A.l a (20 ft) with 2
collactor aperture width of 2.4%4 2

.

e Tha MISR energy transport system has the followinz
characteriscics:

- Inlet Header, 3-im. sch., 40,
fiberglass insulacion,

-~ Outlet Header, 3-in. sch. 40, 130 z long, 3-ia.

fiberglass insulation,

= Qow-to-row piping, 1.25-ia. sch. 40, 130 1 long,
l.5-in. fiberzlass insulacion,

- Plpe suppor%3 every 4.5 -.

= 28 collector row isoldtiosn valves, 1.25=in,,
iasulated body,
- 5 n3 2xpansion taak, 2-iz.*fiberzlass fasulatian

- 18, 3-ia. isolacion valves, {asulared Sody,

= 134, 1.25-1a. nressure rellef valves.




riy

R ., . .
f{-:o = .F_'- k) r\o = ,9775 (-80) = 732

7 -2 - . - -
T % m FYU, = 9775 (741 927 % Y < 724 w2200
Step 4

e Calculate Fg» the unfired boiler factor.

The MISR system unfired boiler i3 specified to have a
Uy, value of 40,000 wc™t (75,820 Bru hr~1op)~L,

I AF0, -1
’s ] .
U A/ M
Mccp(e W e P-1)
e (2500)(.724)
(17.64)(2300) (o0, 0007 (17:5% = 2300)‘1j
Sten 5 = .974

® Reflective nmatarial samples were placed at the
proposed solar site as soon as the site was sel-
actad. An average specular reflectance loss of 57
per month has been measured. Since bimonthly con=—
centrator cleaning 18 anticipated for the solar
system, an average optical efficlency loss of 5% is
expected over the long term. Because receiver clean~
ing is a much easier operation than concentrator
cleaning, the receiver will he cleaned biweekly and
only a 2% loss in average onptical efficiency is

SERI/TP-1871
Sten A

¢ All energy transport components used 1a the solar
system are gziven {n Table 2 along with their UA
values. These UA values are hased on data given in

references 5 and §.
T4, = 163.2 3 °¢7L

= 128.1 w %L
PRH; - e~ UaAo/Hccp

= o 128.1/[(17.54) (2300) ]

= 997
= 997 (.782) = .7%0

-7 A /M - Y
o T e [ uA e,

e F .U e e

% e . . .
- Fcua (eucAo/xccp -diAi/Mccp}}
¢"R'L
~163.2/[(17.64)(2300)]
= ,997 le -

17.64 (2300) ( 123.11/[(17.64)(2300)i

TS0 (725 le
- 163.2/[(17.64)(2300)1)]

exoected. e
e The tested incident angle modifier of the collector = 1.153
at {ncident angles of 7.3%, 22,5%, 37.5°, 52.5°, and
57.3° are given below. . -25 -1
?Rui = 1,153 (.724) = 335 Wa ““¢
Xy 5 = 1.00 Rgqy 5 = .38
Yo s = .99 Ke7 = = .53
-22.5 67.5
R37.5 = % Step 7
For north=-south troughs at latitudes near 30°, the Faui (Ts - Ta)
incident angle weighting factors {(from Tabla 1) arae: ¢ Intensity Racio = c T T
vy -‘S 'l 1'—) :Rqo b
7.5 T e 0525 7 et 2. -1
3 = = .33 ey = = W01 57 %" (295% - 11°~
Tés.f I 57.5 L 3359 "°C " (295 Ev t1°C) o 0.396
Sed 780 (325 7 a 7)
Based on those values, the incident-angie nodifier
anaual correction cam now be calculated.
T o= .35(1.0N) = .33(.99) + .22(¢.36) + .10¢.83) + .01(.55) ® Using a hand caiculator rather than the grapaical
ra techaique:
= ,3824% -
® The effactive ootical efficiency is: —q: — = .3810 - .3117 (2.39%%)
_ FFI (T + 50)
FRﬁo = .782 (.95)(.9R)(.3824) = .715 S0 3
Table 1. Incident Angle Modifier innual Correction Weighting Tactor
Weighting Fasc-West sorcha-3ouch
Factor All Latitudes L=25° 1=30° La339 L=4C° 1=43° 1=30°
0.24% 0.47 J.45 0.4 0.25 0.29 0.26
5 0.23 0.20 .29 0.28 €.33 9.38 0.5G
3 ¢.22 0.1 7.17 0.18 3.22 0.23 G.26
s 3.20 9.28 - 2.10 .12 J.10 0.37 2.07
g 2.15 2.00 0.C0 0.20 .01 Z.02 .ol

~4
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Table 2. Energy Transport System Component Loss Coefficients
Quantity Component ?A(VGC'L)
Inlet Side Components
150m 3 in. sch. 40 piping with 3 in. Fiberglass insulation 54.2
90m 1.25 in. sch. 40 piping with 1.5 in. fiberglass insulation 31.4
1 Unfired Boiler with 3 in., fiberglass insulation 11.3
1 Circulation pump, insulated, with seal cooling 13.8
1 Zxpansion tank, 3 in. fiberglass insulacion 2.3
33 Pipe supports for 3 in. piping using calcium silicate 5.2
14 Pipe supports for 1.25 in piping using calcium silicate 3.2
1 Pipe Anchor 0.5
28 Flexible hoses, 1.42m long 30.8
10 Insulated hand valves for 3 in. piping 5.7
14 Insulated hand valves for 1.25 in. piping 3.1
CiAi=163.2W°C'l

Outlet Side Components
130m 3 in. sch. 40 piping with 3 :in, fibergzlass insulacion 45.4%
90m 1.25 in. sch. 40 piping with 1.5 in. fiberglass insulacion 31.4
30 Pipe supports for 3 in. piping using calcium silicate 4.9
4 Pipe supports for 1.25 in. piping using calcium silicate 4.2
1 Pipe anchor 0.6
28 Flexible hoses, 1.42m 1long 30.8
8 Iasulatad hand valves for 3 in. piping 4.8
14 Insulacted hand valves for 1.25 in. piping 3.1
1% Insulated pressure reliaf valves 3.1

].

U°A°=128.1w°c’l

+.3130 (0.396)~ - .003919 (39.7)

2
+ .003864 (39.7)(0.396) - .201484 (539.7)(8.396)" = .5046

5 -
q_ = F. 7

. Y é (Ib + 50) (.3n48)

-2
= 974 (.780) (525 + 50 W a ) (.5043)
-
=239 7a”
Stao 3
e CCR = 3/20 = .40
2
e A, = 4 /OCR = 2500 m? (.40 = 6250 a°)
3 e
e 6250 22 13 just over 1.3 acres. Since two acres i3
avallable, the MISR systam will it ({n the space
allocated.
e Trom Tla. 5 {(for a latitude of 33.77), Tonace 18
9.95).
e The Iield snhadiag loss factor {5 calculated Sased on
14 rows.
1+ (14 =-1) .95 ,
F e i -95‘4
“shade,fleld " T3

T -2 -2
a. = .954 (239 Wa °) =223 W a

e Tour 5.1 1 long concentrators are mountad adjacent to
2ach other on each side of the drive assembly of each
rToW. Hence, L., = 24.4 m. The focal length of ach
concentrator is 0.561 m. For L./5 = 24.4/0.61 = 40,
Ttz. 7 indicates Lang = +98.

7a9
Ll

-~ -
e 5 =0.33 7 ad) =223 9Wa -

= 557500 W

o Converting to Joules:

557500 (1.5768 x 107) = 8.791 x 10i2 g
Step 1N

¢ The total thermal capacitanca of *“he anerzy traasjocs:

system ts 11.3 x 10° J %27% a5 ziven {a Tabdle 3.
N = 1q% » 0a=1
(Jcp)sys 11.8 x 107 7 %2
¢ The total thermal capacitance of the colleccor svstanm
ts 3.64 x 109 5 9¢~l 44 3tven la Tabla 4.
(Me))eppy = 3.64 x 10% 5 27!
183 - ad
. ‘JA)sys Ugdg * Uvo
= 163.2 + 128.1 = 291.3 ¥ %7t
- (). /T(UA)__ Aelq
- - N e (T -
Qc,sya [1 e 27378 sys ‘ (lca)sys‘ 3
Ta,a)
6
- 1.3 x 10 91.3¢54
al1-e 10°/{291.3¢5 00011 1) 4
10°(205 - 3)
= 1,245 x 109 J
a [ -?-
. Qo,coll \Jcp)coll <Ts a.ﬂ)

(3.64 x 10° 1 °c"ly(205° - %2
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Table 3. Enerzy Transport System Thermal Capacitance
Quantity “Component ucp (3°¢7)
- 3
1 Pump o 0.06 x 10;
280m 7émm (3 in.) piping with 76mm (3 in.) insulacion 5.32 x 106
180m 3Zm (1.25 in.) piping with 38mm (1.3 in.) insulation 0.54 x 107
1 Unfired boiler with 7€mm (3 in.) iasulacion $.09 x log
28 Insulated hand valves for 1.25 in. piping 16 x 106
21 Insulated hand valves for 3 in. piping 22 106
14 Pressure relief valves .16 x 106
1 Expansion tank, insulated .78 x 10
. 6.0.~1
(HCp)sys 11.8 x 10°J°¢C
Table 4. Collector System Thermal Capacitance
Quantity Component wep (3°c7hy
102%m 32zm (1.25 in.) absorber tube, 3,27 x 105
including contained fluid 6
56 Flexible hoses, 1.42m long, .37 x 10

including contained fluid

(Cp) _;,=2.64 x 10%3%

= 7.28%x 10° 1
e d, =239 +0,27T,_
g )

= 229 + 0.2 (525) = 344 davs

Q= 344 [1.243 x 10° 7 + 7.28 % 10° 5

Sta=s 11

® Considering the past reliability of trough systems
and the availabllity of an on~site maintenance crew
24 hr/day, 1t is axpected that the encire collecctor
svstem will rarely Ye out-of-gervice. TFour davs (43
davlight hours) of system downtime 1{s estimatad.
Additionally, one drive string (out of 28) i{s esci-
aatad to he down two days (24 daylight hours) of each
acnth or 238 daylight hours per vear. 3Recause thare
are I8 drive strings, the entire collector system can
he equivalantly considered to ha down 19.3 hours (=
288/28 hrs). Hence, the total equivalent solar sys-—
ta2n fowntime is $8.3 (= 48 + 10.3) daylight hours.

YR solar downtime = $8.3 hr/vr.
¢ The Zood processing zlant has a one week holiday
shutdiown in Cecember and a five day shutdown in early

spring. This amounts o 144 losc daylight hours ger
vear. HR process downtime = 144 hr/yr.

- 58.3 + 144
o T =1 -

use <330

= 0,254
tap 12

e Subtract annual overnight iosses,
17, =0 -7
4 e ]
e 11
= 3,790 x 1077 J - 3.72 x 107" 3

el
= 3,112 x 1077 7

e Yultiply by the solar system use factor.
119
04 = (.954)(8.112 x 10°° 1)

= 7.739 x 1012 5 (7.336 x 10° wBew)

® Calculate solar fractioa.

. hr v ¢ dazy (36003,
= 24 2E 0 -1 &8 22 2
%cad = %10ad (24 ez AS e 7T\ Ac ?
s 6
Tor Qload = 3.203x 19" 4,
p ) 13, -1
Qlcad = 9,789 x 10 J 7T
a] 12 -1
_ . ! 7.739 x 10 J rr
solar fraction = =

Uoad  9.769 x 19%° 1 yr
= 0,079 (7.9%)

A decrailed hour-by-hour SOLIPY commutar run was nada

as a comparison o che stap-by-step procaedurs
result. The Denver THUY tape was used as the weather/

irradiscion data base. Tae annual energy delivery
result was 7.537 x 10°“ 7 yr ', Tis result comparas
very closely (within 27) of tha step-bv-gtep pro-
cedura resulX ind attesss to :the accuracy of the
simnliiled 2nergy calculacion method,
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